Objective: To evaluate PDE5/6 inhibition with sildenafil to reduce choroidal ischemia and treat age-related macular degeneration. Methods: Sildenafil was prescribed to treat participants with macular degenerations or macular dystrophies measured by spectral-domain optical coherence tomography, color fundus photography, enhanced depth imaging, and best-corrected visual acuity. Results: No change in calcified drusen was noted. Vitelliform-type soft drusen were not substantially changed. A participant with Best vitelliform macular dystrophy had a significant improvement in vision as well as in photoreceptor and ellipsoid layers. Conclusions: Our research supports sildenafil as a safe treatment for age-related and vitelliform macular degenerations. Thickened Bruch's membrane reduces the beneficial effect of perfusion increase, but all eyes appear to benefit from PDE6. Notably, maintenance or improvement in the photoreceptor layer may be the most significant result of sildenafil and is consistent with PDE6 inhibition. Thus, sildenafil treatment of macular degeneration offers significant potential for vision retention and recovery.
Introduction
Successful treatment and reversal of age-related macular degeneration (AMD) remains elusive. Though it may remain stable for long periods of time, dry AMD is considered incurable, the only present treatment being the use of vitamins and supplements as described in the AgeRelated Eye Disease Study [1, 2] .
Several investigators, including Hayreh [3] , Friedman and Oak [4] , Flower et al. [5] , and Grunwald et al. [6] , have proposed that ischemia is a leading cause of AMD. Our team, using wavelet ultrasound technology, has validated the concept that choroidal ischemia is present in nearly all cases of dry macular degeneration [7] . AMD is a multifactorial disease, but unlike other causes such as genetic or oxidative stress, ischemia can be treated. Choroidal perfusion and thickness have both been shown to increase in response to systemic sildenafil [8] . While it is intuitively obvious that thickness of the choroid alone does not guarantee better choriocapillaris oxygenation (e.g., the choroid in myopia is often very thin), it is a reasonable step towards ameliorating ischemia in dry AMD.
Systemic treatment using a PDE5 and PDE6 inhibitor (sildenafil) is suggested as a means of increasing choroidal perfusion. Kim et al. [8] , using ultrasound, demonstrated that sildenafil can produce increased choroidal perfusion, and Vance et al. [9] , using optical coherence tomography (OCT), demonstrated that sildenafil produced increased choroidal thickening. Sildenafil 50 mg has also been shown to increase both blood flow velocity in the ophthalmic artery [10] and perfusion, using Doppler ultrasound imaging [11, 12] .
In a small off-label series of patients with macular degeneration treated with sildenafil, we noted no loss of vision over 2 years. These encouraging results led us to propose an institutional review board-approved study. Based on the hypothesis of increasing choroidal perfusion as a means of elevating nitric oxide (a messenger molecule) transfer across Bruch's membrane by PDE5 as well as the increase in photoreceptor regeneration caused by a decrease in Warburg glycolysis by PDE6, we treated a series of macular degeneration patients with systemic sildenafil. Our objective in this small pilot, nonrandomized study was to document the effects of sildenafil as well as PDE5 and PDE6 on the photoreceptor layers as well as the accumulation and reduction of lipid material. This small series was designed to develop a proof of concept over a carefully documented 24-month period. Representative findings are presented.
Methods
Patients with a variety of macular degeneration representing each of the three major phenotypes (dry age-related with drusen, vitelliform, and AMD-like dystrophies) were enrolled in our Health Insurance Portability and Accountability Act-compliant, institutional review board-approved study, which Columbia University agreed upheld the tenets of the Declaration of Helsinki.
Participants with macular degeneration were identified from the investigators' practices at the Edward S. Harkness Eye Institute. After participants had provided informed consent, they were tested and prescribed sildenafil citrate (sildenafil). Doses were determined by body weight; participants weighing ≤150 lbs were pre- . This was based on established, FDA-approved treatment dosages for pulmonary arterial hypertension [12] .
Baseline testing included best-corrected visual acuity (BCVA), contrast sensitivity with the Pelli-Robson chart, super-continuum OCT (line/volume), spectral-domain OCT (SD-OCT) with enhanced depth imaging (choroid), OCT angiography, and color fundus photography. These measurements were repeated after initiation of sildenafil, at month 1, at month 2, and then bimonthly for the duration of the study. Since it has been shown that patients using nitrates for cardiac conditions could potentially experience substantial hypotension on sildenafil, such patients were excluded from the study. Otherwise, the ocular safety of sildenafil in this dosage range has been well established in studies by Wirostko et al. [13] and by Cordell et al. [14] .
Results
The study cohort consisted of 4 patients who exhibited changes within the clinical spectrum of AMD: soft and hard drusen (patients 1 and 2; mean age 77.5 years) and acquired vitelliform lesions in the fovea (patients 3 and 4; mean age 65.5 years). Best disease was genetically confirmed in patient 5. The baseline demographic, clinical, and treatment parameters are summarized in Table 1 . A 24-month follow-up period, across four 6-month intervals, is presented for each patient. BCVA at presentation was 20/20 OD and 20/25 OS in patient 1 and 20/30 OD and 20/150 OS in patient 2. At baseline, patient 1 exhibited a pronounced distribution of drusen in the left eye as compared to the right eye, which resulted in reduced visual acuity in the former. Large soft drusen deposits (∼0.5-1.2 mm diameter) were apparent in both eyes of patient 2, resulting in similarly poor visual acuity, particularly in the left eye, although stationary floaters obscuring vision in proximity to the macula may have been a contributing factor. Hyperreflective deposits above the discernably larger foveal drusen were observed in both patients and resolved at 6 months in patient 2 and at 12 months in patient 1 ( Fig. 1, 2 , yellow arrows). Resolution of the large drusen in patient 1 resulted in a well-delineated hypoautofluorescence region on autofluorescence imaging (Fig. 3) . Visual acuity in both eyes remained relatively stable over this period, with minimal diminishment in the right eye of patient 2. Bilateral, subretinal accumulations of vitelliform lipid ranging between 1.2 and 2.5 mm in diameter were observed on fundoscopy and SD-OCT in the fovea of patient 3 (Fig. 4) and patient 4 (Fig. 5) . The lesions exhibited an increased signal on autofluorescence imaging and were moderately asymmetrical in size, larger in the right eye of patient 3 and larger in the left eye of patient 4. Notably, an isolated region of the ellipsoid zone band over the vitelliform was observed in both patients, except at the borders (Fig. 3) . Visual acuity remained stable at 20/20 to 20/25 in both eyes of patient 4, whereas moderately decreased visual acuity was measured in the right eye of patient 3, which exhibited a larger accumulation. Acuity remained stable over the 24-month period. SD-OCT imaging revealed an increase in drusenoid deposition within and proximal to the vitelliform lesion in patient 4; however, the ellipsoid zone layer directly above the vitelliform accumulation remained visible on SD-OCT.
A 29-year-old patient with Best vitelliform macular dystrophy is presented in Figure 6 , with large foveal vitelliform lesions bilaterally. At presentation, the lesions were observed to be in the pseudohypopyon stage (III) in the right eye and in the vitelliform stage (II) in the left eye (Fig. 6) . BCVA was preserved in the right eye, but reduced in the left eye at 20/150. The vitelliform lipid in the right eye exhibited minor changes, but persisted throughout the 24-month period. The left eye progressed to the vitelliruptive stage (IV) at 6 months and to the atrophic stage (V) at 12 months which, unsurprisingly, coincided with a significant drop in vision (20/400) (Fig. 7) . Profoundly significant however was a recovery and persistence of the displaced ellipsoid zone band (photoreceptor) layer over the vitelliform lesion in the left eye (Fig. 7) and the right eye (Fig. 8) along with an improvement of BCVA to 20/100 (from 20/400). All participants self-reported improvements in contrast sensitivity, and though we saw no significant change in the Pelli-Robson chart analysis, the Best disease patient could now see the chart with both eyes.
Discussion
Sildenafil inhibits PDE5 and PDE6 in the choroid, and this inhibition increases choroidal perfusion [7] . PDE6 inhibition decreases Warburg glycolysis (Fig. 9) in rod photoreceptors, which in turn promotes lipid biosynthesis through parasympathetic mechanisms [15] . Excessive Warburg glycolysis in photoreceptor leads to an increase in retinal pigment epithelium stress and thickening of Bruch's membrane [16] . Hypoxia-induced metabolic stress in retinal pigment epithelium cells is sufficient to induce photoreceptor degeneration [17] .
The results suggest a beneficial effect, but do not prove that the choroidal vessel-filling materially effects the choriocapillaris, which in some OCT angiography studies appeared to remain full even in dry AMD [18] . Therefore, the potential of a barrier, such as a thickened Bruch's membrane, may limit the potential value of the choroidal flow. Bird [19] referred to thickening of Bruch's membrane as a hindrance to proper metabolic transfer and ischemia-induced degeneration. Clearly however, the PDE6 effect remains significant, both for decreasing Warburg glycolysis and perhaps inhibiting thickening of Bruch's membrane as well as promoting recovery of the ellipsoid layer.
Future studies to clarify this barrier are required and may ultimately indicate earlier treatment with PDE6 inhibitors. Perhaps patients with early detectable drusen should be considered for sildenafil therapy, particularly if there is a significant family history of degeneration. Since PDE6 effectiveness is related to the light phase of Warburg glycolysis, it may be helpful to prescribe sildenafil in daytime rather than twice a day since the day phase increases the PDE5 effected by approximately 100 times [20] .
The effects of perfusion in the younger, softer drusen (those associated with AMD) seem obvious, though less so in the older calcified drusen. The ultrasound measurement does not significantly relate to different choroidal layers, only perfusion within those layers. As a result, the values can only be suggested as adjunctive in dry AMD; however, they appear to be a positive therapy in newer softer lesions such as are present in the soft stages of vitelliruptive macular degeneration and Best vitelliruptive macular degeneration. In a case study involving 5 years of sildenafil treatment in a patient with late-onset vitelliruptive macular degeneration (submitted for publication), we observed longitudinal safety of sildenafil, arrest of vision deterioration, and sustained improvements of BCVA.
It is notable that these participants remained visually stable, given that in macular degeneration there would be an expected loss of vision over the course of 24 months, and that a significant improvement in vision was measured by BCVA in the participant with Best vitelliruptive macular degeneration. Accurate measurement of perfusion in the choroid is challenging as it would entail measurement of both the luminal diameters of the choroidal vessels and their blood flow velocities. We have shown that sildenafil mediates choroidal flow by determining the fraction of the choroid occupied by measurable flow (decorrelation) using the swept-mode ultrasound imaging technique as a proxy for choroidal perfusion [21] . A similar processing scheme is currently used in split-spectrum OCT angiography to define the vascular density (the percentage area occupied by blood vessels) having at least two standard deviations above noise [22] . Most recently, ultrafast ultrasound imaging has been demonstrated to provide depictions of choroidal flow dynamics, including velocities over the cardiac cycle [21] . These imaging techniques provide documented substantiation of increased choroidal perfusion [22] . Overall, these techniques show growing promise for even more precise measurements of choroidal perfusion in the future and should be developed further.
While these representative cases are of a small sample size, they are consistent with two prime observations. First, vision is largely maintained even though no direct evidence of maintenance of perfusion in the choriocapillaris is possible and no significant reduction in drusen is observed. Second, and more importantly, the improvement and recovery of the photoreceptor layer is consistent with PDE6 inhibition. As proposed here and by others [23, 24] , the parasympathetic control of the choroid, in particular the choriocapillaris, might further illuminate the impact of sildenafil on the choroid tissue and be considered a future direction for research. Additionally, because of the solid safety record of sildenafil thus far, consideration might be given to larger doses of sildenafil to improve results. Increased perfusion may also be helpful in other lesions or treatments such as stem cell therapies, where an enhanced vascular flow could be clinically beneficial.
These preliminary data support the use of sildenafil and a further assessment in a larger study. Further refinement of the evaluation of these effects would be enhanced by including microperimetry and OCT angiography in longitudinal studies particularly as we search for other systemic treatments. 
